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Ultraviolet X-ray

Plasma with T ~ 105-106 K Plasma with T > 106 K
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e Warm baryons, as revealed by OVI-
absorption systems

= Challenges to our current theory of
galaxy formation and evolution

e Hot baryons, as revealed by OVII, OVIII-
absorption systems

= Where are they?
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® O VI Systems

I O VI Components
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- The observed distribution of the OVI systems is in general consistent
with cosmological simulations

- A significant amount of the “missing baryons” in the warm phase
have been found! 13



COS-halo survey:
OVI in the distant halo vs. star formation in the disk?
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Tumlinson et al. (2011) Werk et al. (2016)
« COS-halo survey: Studying the OVI absorption in the foreground

galaxies
 The correlation between the OVI line at the distant halo and the
star formation activities in the disk 14
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ant halo?




Too much warm gas in the CGM?
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The uniform covering fraction of the OVI-system may

suggest a diffuse distribution of the warm gas!

17

Total




Is our Milky Way special?

Accreting Low-Metallicity Gas

NASA and E. Wacker (Unwvarsity cf Wisconsin-Madison) « STScl-PRC39-46



To summarize, a significant amount of warm baryons have
been found in the form of the OVI-absorption systems

However, we do not understand (yet):

- Why do the distant OVI-systems correlate with star
formation activities in the disk?

- How do they even get there, assuming OVI were produced
in the disk?

- What are their spatial distribution, diffuse or discrete
clouds?

- How do they maintain their ionization status?
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Hot Baryons: X-RAY ABSORPTION OF THE WHIM
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Why are the missing, hot baryons so difficult to
detect?
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Why are the missing, hot baryons so difficult to
detect?

Gas Temperature
Typically temperature range implies the major spectral features
should be in the soft X-ray band - need space missions

Gas Density
Bremsstrahlung radiation, emission « density square; and

absorption « density

Gas Metallicity
Major spectral features come from metals, and we don’t
understand metals in the IGM: where, when and how?




Issues with X-ray Absorption Study

- Typically single line detection (unlike the doublet seeing in UV)!-
very difficult to identify!

 Inconsistency between instruments
* Distinguishing between an IGM or ISM origins

- Statistics: the statistics of a single line is lower when there is
no known “priori” (difficult for blind search)

- Pushing toward the limit of current instruments (1.8 million-
second in Nicastro+2018)!
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Case study: PKS 2155-304

Fang+2003

- Detection of an intergalactic OVIIl absorption line in the X-ray
spectrum of PKS 2155-304 with Chandra LETG+ACIS (85 ksec
exposure time)

- However, no detection with Chandra LETG+HRC, and XMM
RGS 26
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« Williams+2007: clear detection of this line in Chandra
LETG+ACIS observations (~ 250 ksec expo. time)

« Still, no detection with Chandra LETG+HRC 27



ACIS/ LETC final sample
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Nevalainen+2018 (in prep.)

- Nevalainen+2018: again, clear detection of this line in Chandra
LETG+ACIS observations (~ 870 ksec expo. time)

« This line was visible in both +/-1 orders!

« Still, no detection with Chandra LETG+HRC, and RGS 238



So, why the X-ray absorption so difficult to detect? (in sharp
contrast to the numerous detections in our Milky Way)?

- Is this result consistent with cosmological simulations?

* Or, the distribution of the intervening X-ray absorption
systems has a much smaller cross-section?

29



AGN, Beyond
our Galaxy

Counts per bin

21 22
Wavelengtih (&)

'XRB, DISK

 To test this, we studied the hot gas in
our Milky Way, as presented in the X-

ray absorption

- Using AGNs and X-ray binaries as Yao et al. (2005)
background sources

+ Understand the difference between
these two “populations” of absorbers




XMM-Newton Survey of Extragalactic Targets

43 extragalactic sources, 13.5 million seconds
12 BL Lacs, 31 Seyfert 1 galaxies
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XMM-Newton Survey of Galactic Targets

36 Galactic X-ray targets

28 low mass X-ray binaries, 4 high mass X-ray
binaries, 3 neutron stars, and one nova

ALL SKY MAP
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Luo+2017



Equivalent Width Distribution of the OVII Ka Line

of Targets

Number of Targets

Number
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Galactic Extragalactic

Very similar distribution, with peaks around 20 mA!

Fang+2015, Luo+2017



X-ray Probe of the WHIM: Emission
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- XMM-Newton observation of
e galaxy cluster Abell 2744

Wliets

* Hot gas structures that are
asvess coherent over scales of 8
Mpc

Declination
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- °* Warm-hot baryons comprise
5-10 per cent of filaments in
the cosmic web
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Region (z) T M gas S/N Mo S/N Jam
[106 K] [hy M X-ray [hog M ] lensing
E 0308 15+2 (3.8+0.6)x10"% 154 (79+28)x10° 3.1  005+0.02
S 0303 1612 (7.1L0.8)x102 226 (95124)x10® 68 007.10.02
SW 0305 8% (20+04)x102 96 (48+17)x10% 3.1  004+0.02
NWI 0305 25+4 (57+03)x10'2 253 (9.5+27)x10® 52  006+0.02
NW2 0305 19+2 (1.9+0.1)x108% 259 (1.2+03)x10"% 33  0.15+0.04




Search for WHIM around A2744 using Suzaku
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e Spectral fit significantly (99.2 % significance) improved when
OVIl and OVIII lines are included in the spectral model.
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Other potential probes of the hot baryons

« Fast radio burst?

D
DM:/ ne(1)dl
0

- Sunyaev-Zel’dovich effect (thermal and kinetic): the distortion
of the cosmic microwave background radiation (CMB)

through inverse Compton scattering by thermal and kinematic
motion of electrons
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e Warm baryons, as revealed by OVI-absorption
systems
= Challenges to our current theory of galaxy
formation and evolution

e Hot baryons, as revealed by OVII, OVIlil-absorption/
emission systems
= Where are they?

e Looking forward ...

= |nstrumentation development
= Numerical simulation: sub-grid physics?
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